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ABSTRACT
The selection criteria of ideal probiotic bacteria are 
complex and involve many factors. One key criterion is 
based on the ability of the probiotic bacteria to adhere 
to the epithelial lining of the gastrointestinal tract. The 
objective of this study was to evaluate and compare 
the adherence and influence on membrane integrity of 2 
selected lactobacilli isolates—Lactobacillus rhamnosus 
MI13 (dairy food origin) and L. plantarum RC2 (bo-
vine rumen origin)—to Caco-2 cells in the presence and 
absence of Escherichia coli. The adhesion and influence 
on membrane integrity properties of the 2 Lactobacillus 
isolates were compared with Escherichia coli, a human 
commensal bacterium. From the adhesion studies, we 
concluded that the bovine rumen isolate exhibited bet-
ter adherence to Caco-2 cells than the dairy food isolate. 
In contrast, the dairy food isolate better protected the 
Caco-2 monolayer from damage induced by ethanol.
Key words: lactobacilli, Escherichia coli, Caco-2 cells, 
adherence, permeability
Short Communication
An effective probiotic bacterium must survive and 
function under a variety of different environmental and 
physiological conditions. The ideal probiotic must pos-
sess high viability and maintain viability throughout 
processing conditions, be resistant to acidic conditions, 
be tolerant of bile salts, be able to interact and trigger 
immune cells in the gut, and be nonpathogenic and 
genetically stable (Gupta and Garg, 2009). Key criteria 
for selecting a probiotic bacterium include adherence to 
the intestinal epithelial lining and the ability to colo-
nize the gut (Alander et al., 1999; Mattila-Sandholm 
et al., 2009). After ingestion of probiotic bacteria, the 
survival and persistence of the probiotic bacteria in the 
gut relies on host–bacteria interactions. Successful ad-
hesion of probiotic bacteria to the gut wall is believed 
to help establish colonization in the gut (Gueimonde 
and Salminen, 2006).
Understanding the mechanisms responsible for pro-
biotic bacterial adhesion in vivo is challenging. Caco-2 
cells (a human adenocarcinoma cell line) resemble the 
enterocytes lining the intestine and represent a widely 
used model for assessment of interactions in the hu-
man gut in preclinical studies. This has led to their use 
in the study of bacterial adherence in vitro (Kleeman 
and Klaenhammer, 1982; Conway et al., 1987; Duary 
et al., 2011). The Caco-2 cell line is an excellent model 
to understand how probiotic bacteria interact with the 
intestinal epithelial lining (Wang et al., 2008; Moussavi 
and Adams, 2010). Caco-2 cells can also be used to 
investigate how probiotic bacteria compete with other 
human commensals for attachment sites in the gut (Liu 
et al., 2003; Thirabunyanon et al., 2009).
Integrity of the intestinal barrier plays a significant 
role in maintenance of good health. This is attributed 
to the formation of tight junctions between adjacent 
intestinal epithelial cells, and restricting free passage of 
nutrients and pathogens into the systemic circulation-
selective absorption of particulates and solutions from 
the lumen of the gastrointestinal tract (Schneeberger 
and Lynch, 2004). A compromise in the intestinal bar-
rier makes it “leaky,” and would likely result in infec-
tions when bacteria are able to traverse the barrier of 
the gut epithelium (Anderson et al., 2010). A change 
in the integrity of the Caco-2 cell monolayer, which 
reflects the intestinal barrier function of the epithelium 
cells, can be determined and measured in vitro in terms 
of trans-epithelial electrical resistance (TEER) of the 
Caco-2 cell monolayer (Klingberg et al., 2005).
We previously assessed 10 lactobacilli isolates, 5 each 
from dairy food products and bovine rumen contents, 
for their hydrophobicity (Jose et al., 2015) using the 
bacterial adherence to hydrocarbons (BATH) method 
(Bunt et al., 1993). From our earlier study, it was 
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evident that the bovine rumen isolates exhibited better 
adhesion to dichloromethane compared with dairy food 
isolates (Jose et al., 2015). In the present study, 2 of 
the 10 isolates, 1 from dairy food and 1 from bovine 
rumen, were further investigated for their adhesion to 
and effect on the integrity of a Caco-2 cell monolayer in 
vitro. Each isolate was selected from its group based on 
sugar fermentation capability, resistance to bile salts, 
resistance to low pH, adhesion, antibiotic resistance, 
and ability to inhibit pathogens.
Lactobacillus rhamnosus MI13 was isolated from a 
dairy food product and Lactobacillus plantarum RC2 
was isolated from the bovine rumen by Jose et al. (2015) 
as part of a wider program to isolate and characterize 
potential probiotic bacteria. Inhibition of pathogens, 
resistance to antibiotics, biosafety (absence of hemo-
lytic activity), adhesion (BATH test), carbohydrate 
fermentation, survival at low pH, and high bile salt 
concentration characteristics of L. rhamnosus MI13 and 
L. plantarum RC2 suggested that further evaluation 
of these isolates would be warranted. A comparison of 
DNA sequence using the BLASTN nucleotide database 
(https:// blast .ncbi .nlm .nih .gov/ Blast .cgi) gave the best 
match of MI13 with L. rhamnosus strain LOCK908 and 
RC2 with L. plantarum strain 16 (Jose et al., 2015). 
The 2 lactobacilli isolates were cultured in de Man, 
Rogosa, Sharpe (MRS) broth (Oxoid, Basingstoke, 
UK) at pH 6.4 ± 0.2, and a nonpathogenic Escherichia 
coli isolate (The Institute of Environmental Science and 
Research, Porirua, New Zealand) was cultured in brain 
heart infusion (BHI) broth (Oxoid) at pH 7.4 ± 0.2. 
The cultures were incubated at 37°C overnight. After 
incubation, the cultures were centrifuged at 16,000 × 
g for 10 min. The cells were washed and suspended in 
PBS at pH 7.4 and adjusted to an optical density of 2.0 
(at 600 nm).
The Caco-2 cell line (passage 71 to 84) used for 
the adhesion studies was propagated and maintained 
at the University of Otago (Dunedin, New Zealand). 
Caco-2 cells were cultured in BD Falcon cell culture 
flasks with a surface area of 75 cm2 (BD Biosciences, 
Bedford, MA) following standard protocols (Gao et al., 
2000). The cells were maintained at 37°C in 10% CO2 
and 90% air. Cells were fed on alternate days with 15 
mL of Dulbecco’s modified Eagle medium (DMEM) 
supplemented with 10% fetal bovine serum (Moregate 
Biotech, Bulimba, QLD, Australia), 1% NEAA (100×), 
and 1% penicillin-streptomycin (10,000 U/mL). At 70% 
confluency, cells were detached from the flask with 2 
mL of trypLE Express Enzyme (1×; Thermo Fisher, 
Auckland, New Zealand) for seeding. All cell culture 
media were sourced from Gibco Life Technologies Corp. 
(New York, NY).
Caco-2 cells were seeded on Transwell permeable 
supports (Corning Inc., Corning, NY) at 50,000 cells/
well (0.5 mL of 100,000 cells/mL) for 21 to 28 d (to 
obtain a fully differentiated monolayer) for monolayer 
integrity studies. The cells, grown on the permeable 
support, were fed on alternate days with fresh supple-
mented DMEM medium as previously described (0.5 
mL in the donor compartment and 1.5 mL in the re-
ceiver compartment).
Three-week-old Caco-2 cells were seeded with supple-
mented DMEM in Transwell membrane tissue culture 
plates. The 2 lactobacilli isolates, L. rhamnosus MI13 
and L. plantarum RC2, and E. coli were added indi-
vidually and each lactobacilli isolate was added in com-
bination with E. coli into the wells of the tissue culture 
plates. Plates were then incubated at 37°C in 10% CO2 
and 90% air. After incubation, the Caco-2 monolayers 
were washed with sterile PBS several times to remove 
unattached bacteria. Samples were fixed with metha-
nol and placed on a glass microscope slide followed by 
Gram staining. The Gram-stained slides were observed 
using an oil-immersion objective (100×) and a light 
microscope to count the average number of bacteria 
that had adhered to the Caco-2 cells. The bacteria in 
25 microscopic fields were counted for each sample (Liu 
et al., 2003; Thirabunyanon et al., 2009).
The matured Caco-2 cell monolayers (cultured for 21 
to 28 d) grown on Transwell inserts were washed with 
diluted DMEM (1:1 ratio of complete DMEM to PBS) 
twice. Then, the cells were incubated with 0.5 mL and 
1.5 mL of diluted DMEM in the donor and receiver 
compartments, respectively, of Transwell inserts and 
maintained at 37°C for 30 min before the membrane 
integrity study. The diluted DMEM in the donor com-
partment was then replaced with fresh diluted DMEM 
(control) or diluted DMEM containing 1% ethanol alone 
(positive control) or E. coli (0.4 mL), L. rhamnosus 
MI13 (0.4 mL), L. plantarum RC2 (0.4 mL), E. coli (0.4 
mL) and L. rhamnosus MI13 (0.4 mL), or E. coli (0.4 
mL) and L. plantarum RC2 (0.4 mL). Co-incubation 
with the Caco-2 cell monolayers was carried out at 37°C 
for 90 min. Then, TEER measurements were taken at 
2, 30, 60, and 90 min using a Millicell-ERS volt-ohm 
meter (EMD Millipore Corp., Billerica, MA).
Statistical analysis was performed using a general lin-
ear model ANOVA (Minitab version 17, Minitab Inc., 
State College, PA). Tukey’s test was used to undertake 
pairwise comparisons for significance at P < 0.05 for 
the isolates in the adhesion and permeability studies.
Using light microscopy in combination with Gram 
staining, we were able to distinguish small lactobacilli 
isolates (violet) and E. coli (pink) from larger pink 
Caco-2 cells (Figure 1). When each bacterium was 
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added individually to Caco-2 cells, E. coli showed the 
maximum average adherence of 24 bacteria per Caco-2 
cell (Figure 2). The bovine rumen isolate (L. plantarum 
RC2) adhered less to Caco-2 cells, with on average 6 
bacteria per Caco-2 cell. The dairy food isolate (L. 
rhamnosus MI13) showed the lowest average adherence 
when bacteria were applied individually to Caco-2 cells, 
with only 3 bacteria per Caco-2 cell. However, when 
lactobacilli isolates were added to Caco-2 cells in com-
bination with E. coli, the average number of E. coli that 
adhered to Caco-2 cells was reduced compared with E. 
coli alone. The average number of E. coli adhered to 
Caco-2 cells in the presence of the bovine rumen isolate 
(L. plantarum RC2) or dairy food isolate (L. rhamno-
sus MI13) was significantly reduced (P < 0.05). In the 
presence of E. coli, adherence of the dairy food isolate 
(L. rhamnosus MI13) to Caco-2 cells was significantly 
(P < 0.05) reduced. However, the presence of E. coli 
did not have any effect (P > 0.05) on the adherence of 
the bovine rumen isolate (L. rhamnosus RC2) to Caco-
2 cells.
Co-incubation with 1% ethanol alone (positive con-
trol) was observed to rapidly and significantly (P < 
0.05) reduce the TEER value compared with the (nega-
tive) control without treatment (Figure 3). By 30 min, 
the TEER of 1% ethanol–treated Caco-2 monolayers 
had reduced to approximately 450 Ω/cm2 and remained 
at this level for the duration of the experiment. The 
TEER value was significantly (P < 0.05) greater when 
Caco-2 membranes were co-incubated with L. planta-
rum RC2, L. rhamnosus MI13, or E. coli compared with 
Caco-2 cell monolayers exposed to 1% ethanol in the 
first 30 min after treatment. By 60 min, the TEER of 
Caco-2 monolayer was significantly (P < 0.05) greater 
when co-incubated with L. plantarum RC2, E. coli, or 
E. coli and L. plantarum RC2 compared with the 1% 
ethanol alone treatments. At 90 min after treatment, 
the TEER of L. plantarum RC2 and E. coli co-incubat-
ed Caco-2 monolayer were significantly greater than all 
other treatments.
Gram-positive and gram-negative bacteria are both 
present in the human gut microbiota. Lactobacilli are 
gram-positive, health-promoting bacteria that exist in 
relatively large numbers in the gut. Evaluating their 
adherence to the gut wall might provide insight into 
how they function in vivo to promote health benefits 
Figure 1. Gram stain images showing adhesion of lactobacilli isolates and Escherichia coli on 3-wk-old Caco-2 cells observed under oil im-
mersion (100×). (A) Bovine rumen isolate Lactobacillus plantarum RC2; (B) dairy food isolate Lactobacillus rhamnosus MI13; (C) E. coli; (D) 
bovine rumen isolate L. plantarum RC2 and E. coli; (E) dairy food isolate L. rhamnosus MI13 and E. coli. Color version available online.
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Figure 2. Average adhesion of lactobacilli isolates and Escherichia coli to 3-wk-old Caco-2 cells. Error bars are standard error of the mean 
(n = 4); columns that do not share a letter (A–E) are significantly different (P < 0.05).
Figure 3. Average trans-epithelial electrical resistance (TEER; Ω/cm2) measurements of Caco-2 monolayer 2, 30, 60, and 90 min after treat-
ment with Lactobacillus rhamnosus MI13 or Lactobacillus plantarum RC2, with or without Escherichia coli after treatment with 1% ethanol, and 
a control without treatment at 37°C: negative control (●, dashed line); ethanol 1% (○, dotted line); ethanol 1% and E. coli (■), ethanol 1% and 
L. rhamnosus MI13 (♦), ethanol 1% and L. plantarum RC2 (◊), ethanol 1%,  E. coli, and L. rhamnosus MI13 (▲), ethanol 1%, E. coli, and L. 
plantarum RC2 (△). Error bars are standard error of the mean (n = 3).
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in the host. Caco-2 cells are an ideal model to study 
this phenomenon in vitro. In this study, the 2 lactoba-
cilli isolates were capable of adhering to Caco-2 cells, 
albeit at varying degrees. The bovine rumen isolate, L. 
plantarum RC2, showed the highest adherence, and the 
dairy food isolate, L. rhamnosus MI13, showed the least 
adherence. Incubating the lactobacilli isolates on Caco-
2 cells in the presence of E. coli helped us to understand 
how the lactobacilli isolates compete for binding sites 
with a human commensal. Based on our results, it was 
evident that the rumen isolate L. plantarum RC2 was 
unaffected by the presence of E. coli. However, for the 
dairy food isolate, L. rhamnosus MI13, adherence was 
greatly lowered in the presence of E. coli. It was previ-
ously reported that L. plantarum of fecal origin had 
a higher adherence rate to Caco-2 cells, and a food 
isolate, Latobacillus delbrueckii ssp. bulgaricus showed 
a lower adherence rate (Duary et al., 2011). Further, 
it has been shown that within strains of L. delbrueckii 
ssp. bulgaricus, there is a difference in adherence to 
Caco-2 cells, which is attributed to the production of 
exopolysaccharide (EPS). The strain that produced 
more EPS had a higher survival rate and showed better 
adherence under gastrointestinal tract conditions com-
pared with the low-EPS-producing B2 strain (Darilmaz 
et al., 2011). This suggests that the adherence property 
of Lactobacillus species is strain specific (Chauvière et 
al., 1992) and origin specific. Perhaps the ability of the 
bovine rumen isolates to adhere better to Caco-2 cells 
alone or in the presence of E. coli is indicative of ad-
aptations that reflect the stressful environment of the 
bovine rumen.
From the membrane integrity study, we concluded 
that the presence of the bovine rumen isolate did not 
affect the permeability of the intestinal lining. On the 
other hand, the dairy food isolate could strengthen in-
testinal barrier function, as demonstrated by an increase 
in TEER values over the 90-min incubation period. 
Previous studies have reported a noticeable increase in 
TEER values with L. plantarum species (Klingberg et 
al., 2005; Anderson et al., 2010). This is not surprising 
as different strains of L. plantarum can have different 
effects on membrane integrity studies in vitro. Differ-
ent L. plantarum strains can either show no increase 
in TEER value as seen in our study or it can show an 
increase in TEER value, as evident from studies carried 
by Klingberg et al. (2005) and Anderson et al. (2010). 
Most surprising was the observation that the E. coli 
strain used as a control for this study showed the great-
est adherence to Caco-2 cells and either maintained or 
improved the TEER of the Caco-2 monolayer exposed 
to ethanol. This finding suggests that the E. coli strain 
might be a suitable candidate for further evaluation 
of the characteristics of this bacterium as a probiotic. 
This information could be used as part of a screening 
process to identify candidate probiotic bacteria for fur-
ther investigation into potential health benefits.
In conclusion, our results show that adherence to 
Caco-2 cells by the bovine rumen isolate L. plantarum 
RC2 was not influenced by the presence of E. coli; 
however, adherence by the dairy food isolate L. rham-
nosus MI13 was almost completely inhibited when E. 
coli were present. Conversely, the bovine rumen isolate 
provided no protection for Caco-2 monolayers exposed 
to ethanol, whereas the dairy food isolate and E. coli 
provided either protection or improved integrity of the 
Caco-2 monolayer exposed to ethanol.
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